Cyclin D1b is a splice variant of the cell cycle regulator cyclin D1 and is known to harbor divergent and highly oncogenic functions in human cancer. While cyclin D1b is induced during disease progression in many cancer types, the mechanisms underlying cyclin D1b function remain poorly understood. Herein, cell and human tumor xenograft models of prostate cancer were utilized to resolve the downstream pathways that are required for the protumorigenic functions of cyclin D1b. Specifically, cyclin D1b was found to modulate the expression of a large transcriptional network that cooperates with androgen receptor (AR) signaling to enhance tumor cell growth and invasive potential. Notably, cyclin D1b promoted AR-dependent activation of genes associated with metastatic phenotypes. Further exploration determined that transcriptional induction of SNAI2 (Slug) was essential for cyclin D1b-mediated proliferative and invasive properties, implicating Slug as a critical driver of disease progression. Importantly, cyclin D1b expression highly correlated with that of Slug in clinical samples of advanced disease. In vivo analyses provided strong evidence that Slug enhances both tumor growth and metastatic phenotypes. Collectively, these findings reveal the underpinning mechanisms behind the protumorigenic functions of cyclin D1b and demonstrate that the convergence of the cyclin D1b/AR and Slug pathways results in the activation of processes critical for the promotion of lethal tumor phenotypes.
Introduction
Cyclin D1b is a highly oncogenic variant of the cell cycle regulator cyclin D1 (cyclin D1a) (1, 2) . In marked contrast to cyclin D1a, cyclin D1b expression alone is sufficient to promote cellular transformation, both in vitro and in vivo (1, 3) . Moreover, cyclin D1b has been suggested, in a limited number of model systems, to promote aggressive tumor phenotypes (4) . Accordingly, emerging evidence demonstrates that preferential upregulation of the cyclin D1b isoform is tightly associated with tumor development, tumor progression, and poor outcome (5) (6) (7) . Although evidence to date strongly suggests that cyclin D1b represents a gain-of-function D-cyclin variant of clinical relevance, the underlying mechanism or mechanisms by which cyclin D1b promotes protumorigenic phenotypes remain unknown.
Whereas cyclin D1a functions to promote tumor formation through advancing cell cycle progression, this biochemical function does not appear to be conserved in cyclin D1b. While cyclin D1b retains the ability to bind cyclin-dependent kinase 4 (CDK4), a potent effector of the G 1 -S phase transition, cyclin D1b is a poor catalyst of CDK4 activity (1, 8) . Consistent with this observation, cyclin D1b expression does not independently correlate with increased proliferative capacity in clinical specimens (5) . Little insight into the underpinning mechanisms of cyclin D1b-mediated oncogenic capacity was gained from motif analyses of the transcript encoding cyclin D1b (transcript b). Transcript b harbors a 3′ end that is highly divergent from that of full-length cyclin D1 transcript, which arises as a failure to splice at the exon 4/intron 4 boundary of CCND1 pre-mRNA, resulting in read-through into intron 4 and incorporation of an early stop codon (1, 8, 9) . Loss of the exon 5-encoded sequences eliminates a phosphorylation site in cyclin D1a that was suggested to promote nuclear export, and indeed, cyclin D1b appears to be constitutively nuclear, but surprisingly maintains a half-life identical to that of cyclin D1a (1, 3, 8) .
Interestingly, both oncogenic and nononcogenic events that impinge upon cyclin D1b production have been identified. The oncogenic splicing factor SRSF1 (also known as SF2/ASF1) was recently shown to enhance production of transcript b and positively correlates with cyclin D1b status in prostate tumors (10) . Further investigation revealed that, through direct binding at the critical exon 4/intron 4 boundary of the CCND1 transcript, SRSF1 functions to limit efficient splicing at this site, resulting in a surge of transcript b and ultimately cyclin D1b production (10) . Moreover, a polymorphism at the critical exon 4 splice junction (G/A870) has been associated with enhanced cyclin D1b production in normal prostatic tissue (the A allele), while SRSF1 was found to bind with higher affinity to transcripts containing the G allele (6, 10) . Notably, while the A allele appears to be required for transcript b production in normal tissue, this requirement is lost as a function of disease progression, potentially due to the induction of SRSF1 expression. Additional splicing factors, including SAM68, also enhance production of cyclin D1b in hormone-dependent cancers, although the mechanisms by which this is accomplished remain unclear (11) . Thus, while multiple oncogenic and nononcogenic events that impinge upon cyclin D1b production in human disease have been identified, studies to date have yet to rigorously delineate the mechanism or mechanisms by which cyclin D1b affects the processes of pathological importance in cancer.
Recent in vivo genomic/proteomic screens from multiple organs found that an overwhelming majority of the cyclin D1a interactome belongs to the super-family of transcriptional regulators, including a large number of steroid nuclear receptors (12) . These unbiased analyses are consistent with previous findings that demonstrated that cyclin D1a associates with and modulates activity of both estrogen receptor α (ERα) (2, 13, 14) and the androgen receptor (AR) (2, (15) (16) (17) (18) in breast and prostate cancer (PCa) cells, respectively. Further investigation of selected ER-and AR-dependent target genes revealed that cyclin D1b is selectively altered in the ability to modulate nuclear receptor function (19, 20) . For example, cyclin D1b induction proved sufficient to promote resistance to ERα-directed therapeutics (20) , and analyses of clinical specimens demonstrated that cyclin D1b expression significantly correlated with poor prognosis (7) . Conversely, while cyclin D1b retains the ability to bind AR, the ability to modulate AR activity is divergent from that of cyclin D1a (19) . Specifically, it was shown that unlike cyclin D1a, cyclin D1b lacks the ability to attenuate AR induced expression of prostate specific antigen (PSA), an AR target gene used to monitor PCa development and progression (15, 17, 19, 21, 22) . These initial observations were of potentially strong clinical relevance, as examination of a large cohort of clinical specimens revealed that cyclin D1b (but not cyclin D1a) was dramatically upregulated in a subset of AR-positive human prostatic adenocarcinomas (6) . Combined, these findings implicate cyclin D1b as a major effector of disease progression in hormone-dependent cancers.
Given the established clinical relevance of cyclin D1b expression in hormone-dependent cancers, a myriad of in vitro and in vivo prostate adenocarcinoma model systems were used to identify the underlying means through which cyclin D1b elicits protumorigenic phenotypes. It was discovered that a major function of cyclin D1b is to induce nuclear receptor-dependent transcriptional events that result in markedly enhanced invasion and prometastatic potential activities that required Slug, a prooncogenic transcription factor. Clinical analyses established the translational relevance of the findings, wherein it was demonstrated that cyclin D1b and Slug were coexpressed in a large number of human tumors. The present study establishes a critical and previously unknown link between 2 major oncogenic pathways of clinical relevance and identifies a key mechanism by which cyclin D1b promotes aggressive tumor phenotypes.
Results

Cyclin D1b induces a unique gene expression program associated with prometastatic phenotypes.
Given the observation that cyclin D1b harbors heightened oncogenic activity distinct from full-length cyclin D1a, it is imperative to assess the mechanism or mechanisms underlying cyclin D1b-mediated protumorigenic activity. While cyclin D1b expression has previously been associated with tumor progression in a large number of tissue types (4, 20, 23) , there is substantial evidence of cyclin D1b upregulation in PCa. Indeed, cyclin D1b is selectively induced as a function of tumorigenesis (6) and has been demonstrated to alter AR function (19) in this tumor type. Therefore, cells of prostatic origin that express low levels of endogenous cyclin D1b were utilized to assess the molecular and cellular consequence of increased cyclin D1b expression. As shown, LNCaP cells express little endogenous cyclin D1b. Therefore, multiple clones were generated which resulted in low or high expression ( Figure 1A ), so as to mimic the spectrum of expression observed in human tumors. Consistent with previous studies (6), androgen status had no effect on transcript b stability/levels (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI64750DS1), and cyclin D1b expression was maintained in androgen-depleted conditions ( Figure 1A ). Analyses of cyclin D1b function in the presence and absence of androgen are critical, as first-line therapeutic intervention for disseminated PCa is androgen deprivation therapy (ADT) and AR signaling in ADTsensitive cells is required for translation of both cyclin D1 isoforms (6, 24) . Thus, the models generated allow for analyses of cyclin D1b function under conditions mimicking both the early stage of disease (prior to ADT challenge) and that after ADT administration.
To assess the potential impact of cyclin D1b on cancer cell phenotypes, colony formation assays were initially performed. Parental cells are weakly tumorigenic and have a limited capacity for anchorage-independent growth (25) . As shown, cyclin D1b expression significantly enhanced colony formation capacity in soft agar ( Figure 1B ). However, this was dependent on AR function, as androgen depletion ablated the ability of cyclin D1b to confer an anchorage-independent phenotype, suggesting that cooperation between cyclin D1b and androgen-signaling pathways is required for cyclin D1b function. Further investigation assessed the impact of cyclin D1b on invasive phenotypes utilizing invasion chamber assays. As shown, cyclin D1b-expressing cells demonstrated approximately a 20% increase in the total number of invading cells over control ( Figure 1C ). Of note, neither control nor cyclin D1b-expressing cells invaded through the matrix toward a gradient depleted of androgens, indicating that the invasive phenotypes attributable to cyclin D1b expression are androgen dependent. Collectively, these findings highlight the ability of cyclin D1b to illicit protumorigenic phenotypes and underscore the importance of androgen signaling to potentiate cyclin D1b function.
To determine the underlying mechanisms by which cyclin D1b promotes AR-dependent effects on cell growth and invasion, unbiased gene expression analyses were performed. For these studies, cells were cultured transiently under conditions of androgen ablation, transduced with either control (GFP), cyclin D1b, or full-length cyclin D1a, and subsequently stimulated with 1 nM dihydrotestosterone (DHT) prior to harvest, RNA collection, and microarray analyses (Supplemental Figure 1B) . Relative protein levels are shown in Supplemental Figure 1B . Transcripts were filtered using a cut-off of P < 0.05 and a stringent false discovery filter and organized based on their patterns of up-and downregu-lation. Three distinct classes of transcripts were uncovered: those that are regulated by both cyclin D1a and cyclin D1b (cluster 1), those that are regulated only by cyclin D1a (cluster 2) and those that are uniquely regulated by cyclin D1b (cluster 3). Surprisingly, there was very little overlap between the transcriptomes of cyclin D1a and cyclin D1b, with only 117 transcripts common between the 2 clusters. Consistent with previous findings (16) the AR-regulated gene KLK3 (PSA) was present only in the cyclin D1a-regulated cluster, highlighting potential differences in the roles of D1a and D1b cyclins in AR action. Furthermore, cluster 3 is the largest of all the gene sets (790 genes upregulated and 685 downregulated), demonstrating cyclin D1b can serve as a unique regulator of transcription in the presence of androgen (Figures 1, D and E) . Gene Ontology analysis of biological pathways uncovered a variety of known processes regulated by cyclin D1a, including cell cycle, mitosis, response to DNA damage, and DNA repair (Supplemental Figure 1C) , with minimal enrichment for any one pathway in the cyclin D1b cluster (Supplemental Figure 1C) . Strikingly, however, a number of the top 20 genes uniquely regulated by cyclin D1b are functionally associated with altered cell migration, invasion, or differentiation, including NTN4, CXCR4, and SNAI2 (Table 1) . Of these genes, only CXCR4 and SNAI2 have been shown to be regulated by androgens (16, 26) . Moreover, comparison of the cyclin D1b-specific gene set (cluster 3) with a recently identified metastasis-associated gene signature across multiple cancer types uncovered commonalities between the 2 gene sets (Supplemental Figure 1D ), with SNAI2 as the top cyclin D1b-regulated gene present in this signature (whereas no overlap was seen with the cyclin D1a, cluster 2, gene set). Further investigation in multiple models of cyclin D1b upregulation (data not shown) identified the transcriptional regulator SNAI2 (Slug), a known inducer of both growth and invasion in different systems (27) (28) (29) as strongly associated with cyclin D1b. Since, SNAI2 expression promotes phenotypes similar to those induced by cyclin D1b, is regulated as a function of androgen action, and is clinically associated with metastatic progression, subsequent efforts were focused on defining the role of SNAI2 as a mediator of cellular phenotypes associated with cyclin D1b expression.
Cyclin D1b induces SNAI2 (Slug) expression through cooperation with the AR axis. In light of the strong and specific link between cyclin . Genes shown demonstrated a false discovery rate of 1% or less and an absolute fold change of 2 or more. (E) Venn diagram comparing all cyclin D1a vs. cyclin D1b genes using a 2.0-fold cut off. Error bars represent mean ± SEM. **P < 0.01; ***P < 0.001.
D1b and SNAI2 expression and the established requirement of androgen for cyclin D1b-mediated phenotypes, the impact of androgen status on cyclin D1b-induced Slug upregulation was assessed in multiple model systems. Initially, the impact of suppressing AR signaling was determined. As shown in Figure 2A , SNAI2 mRNA was sensitive to AR activation, as the AR competitive antagonist Casodex suppressed SNAI2 mRNA levels in control cells. Consistent with the data herein, cyclin D1b enhanced SNAI2 expression in a dose-dependent manner (Figure 2A ). Of note, while knockdown of D1 cyclins in cyclin D1b-expressing cells drastically reduced SNAI2 levels (Supplemental Figure 2A) , upregulation of cyclin D1a alone had no effect on SNAI2 mRNA (Supplemental Figure 2B ), indicating cyclin D1b (but not cyclin D1a) is sufficient to drive SNAI2 expression. Interestingly, this effect was also inhibited by Casodex, indicating that the ability of cyclin D1b to regulate SNAI2 expression is AR dependent. Consonantly, protein analyses revealed that cyclin D1b expression resulted in marked accumulation of Slug protein in the presence of androgen ( Figure  2A ), whereas Slug levels remained low under conditions of androgen ablation (Figure 2A ) with no change observed in total AR protein levels (data not shown). These findings highlight the interdependency of cyclin D1b and AR as regulators of Slug expression.
Comparison of SNAI2 transcript levels between cells expressing various levels of cyclin D1b revealed a positive correlation between cyclin D1b and SNAI2 levels. As compared with LNCaP control, a 3-fold increase in SNAI2 transcripts was detected in LAPC4 (which endogenously expresses cyclin D1b; Figure 2B ), whose levels were also dependent on AR activity ( Figure 2B ). Additionally, VCaP cells engineered to express low levels of cyclin D1b (comparable with endogenous levels in LAPC4) (Supplemental Figure 2C) showed a significant increase in SNAI2 levels as compared with vector control (Supplemental Figure 2C) . Conversely, in AR-negative PCa cells (PC3), cyclin D1b induction had no impact on SNAI2 expression ( Figure 2C ). Combined, these data demonstrate that cyclin D1b acts in concert with AR to induce expression of Slug, thus demonstrating cooperation between AR and an established oncogene of PCa relevance.
Modulation of the endogenous cyclin D1 alternative splicing event results in SNAI2 upregulation. The data presented above strongly suggest that cyclin D1b and AR cooperate to induce Slug expression. To directly address this hypothesis, the impact of directly altering splicing of the CCND1 transcript was assessed using Morpholino technology. As previously described, the cyclin D1b transcript arises due to a failure to splice at the exon 4/intron 4 boundary of the cyclin D1 pre-mRNA. Thus, Morpholinos were designed to specifically bind the cyclin D1 mRNA, which suppressed splicing at the exon 4/intron 4 boundary ( Figure 2D ). Accordingly, introduction of the Morpholino into cells that produce little endogenous transcript b effectively suppressed the splicing event, resulting in a dose-dependent upregulation of transcript b ( Figure 2E and Supplemental Figure 2D ) and cyclin D1b protein ( Figure 2F ). While treatment with the Morpholino had no effect on overall CCND1 levels (Supplemental Figure 2E ), SNAI2 levels increased in a dose-dependent manner ( Figure 2G ). These data demonstrate that manipulation of the cyclin D1 splicing event within cells facilitates upregulation of the cyclin D1b transcript, and results in increased SNAI2 expression.
Cyclin D1b enhances AR occupancy at SNAI2 regulatory loci. To elucidate the means by which cyclin D1b and AR cooperate to induce Slug expression, kinetic analyses of SNAI2 mRNA induction were performed in hormone therapy-sensitive cells after DHT stimulation. As expected, expression of the mRNA encoding the AR target gene KLK3/PSA was significantly induced (as early as 120 minutes after DHT stimulation), and its expression continued to increase over the time of monitoring ( Figure 3A) . Importantly, SNAI2 transcript accumulation closely mirrored that of KLK3/PSA, thus suggesting that the effect of AR on Slug expression could be direct.
While previous biochemical analyses have demonstrated that cyclin D1b and AR maintain the ability to interact (19, 30) , it remained unclear if such complexes exist on chromatin. Thus, chromatin-tethering-coupled immunoprecipitation assays, which have previously been shown to distinguish between nuclear and chromatin-associated complexes (31), were performed. As expected, AR is enriched in chromatin-tethered fractions in the presence of androgen in multiple model systems (Supplemental Figure 3A) . Interestingly, the majority of cyclin D1b protein was also enriched in chromatin-tethered fractions, consistent with the identified role of D-type cyclins as transcriptional regulators (refs. 2, 12, and Supplemental Figure 3A ). As cyclin D1b and AR were independently shown to be associated with chromatin, fractionated lysates were immunoprecipitated for AR or cyclin D1b to determine whether AR/cyclin D1b complexes reside on chromatin. As seen previously, minimal cyclin D1b was detected in the soluble fraction ( Figure  3B , lane 1), and no cyclin D1b/AR complexes were detected by either cyclin D1b or AR IP ( Figure 3B , lanes 2 and 3). Conversely, cyclin D1b/AR complexes were detected in chromatin-tethered fractions isolated from androgen-dependent or castration-resistant models ( Figure 3B and Supplemental Figure 3B ), indicating that cyclin D1b associates with AR complexes on chromatin.
Analyses of publically available genome-wide coupled deep sequencing (ChIP-Seq) or ChIP-chip studies that assessed AR binding to chromatin in multiple cell types (including prostate, breast, and muscle-derived tissues) (32) (33) (34) (35) led to the identification of 2 potential AR occupied sites within the SNAI2 regulatory locus: 1 proximal to the TSS (∼600 b, AR occupied region 2, AROR2) and 1 distal to the TSS (∼3600 bp AROR1) (Supplemental Figure 3C ), reminiscent of AR occupancy at the KLK3 regulatory enhancer and promoter elements (Supplemental Figure 3D ). As shown, DHT stimulation in PCa cells resulted in significant enrichment of AR at both loci ( Figure 3C ). Parallel studies using the isogenic models described in Figure 1 (LN-D1b [L]) revealed that even modest upregulation of cyclin D1b expression significantly enhanced DHT-dependent occupancy of AR at AROR2 (P < 0.05). AR occupancy also trended higher at the distal site (AROR1) in the presence of cyclin D1b. Previous genome-wide analysis of cyclin D1 occupancy on chromatin found cyclin D1 enrichment within the murine Snai2 regulatory locus (12) , suggestive of potential similar occupancy by cyclin D1b in prostate cells. Consistent with this hypothesis and data in Figure 3B , cyclin D1b was present at AR-occupied loci within the SNAI2 locus, whose occupancy was dependent upon androgen status. Thus, cyclin D1b resides at regulatory elements within the SNAI2 locus and promotes AR residency at sites likely to regulate SNAI2 expression. To further address this hypothesis, the impact on histone modifications associated with sites of active transcription was analyzed. As shown, DHT enhanced the presence of acetylated histone H4 at the promoter as well as the recruitment of RNA polymerase II proximal to the SNAI2 transcriptional start site, which was enhanced in the presence of cyclin D1b (Supplemental Figure 3E ). Importantly, while cyclin D1b expression resulted in a significant enrichment of acetylated histone H4 at AROR1 and trended higher at AROR2 in response to androgen ( Figure 3C ), induction of cyclin D1a resulted in a lack of histone H4 enrichment and AR in response to DHT (Supplemental Figure 3F ). Thus, it is likely that cyclin D1b specifically affects AR-dependent SNAI2 transcription through enrichment of acetylated histones. In contrast, while cyclin D1b was also present at the KLK3 enhancer region, AR occupancy was unchanged by cyclin D1b expression, and there was little effect on DHTinduced histone H4 acetylation ( Figure 3D ), consistent with the inability of cyclin D1b to promote KLK3 expression. Together, these findings reveal that cyclin D1b enhances site-specific AR occupancy and histone acetylation, events which track with DHT-mediated induction of SNAI2 expression. Based on these findings, it is proposed that the interaction of AR with specific androgen response elements within the regulatory regions of the SNAI2 gene is enhanced by cyclin D1b expression and that these cooperative activities lead to increased expression of SNAI2 (Slug). Cyclin D1b promotes chromosomal conformations associated with active transcription. Cyclin D1b was shown to promote SNAI2 transcription in response to DHT stimulation though enhanced AR occupancy and enrichment of acetylated histones. To further delineate the mechanisms that underlie cyclin D1b action at the SNAI2 locus,
Figure 3
Cyclin D1b interacts with AR on chromatin and enhances AR occupancy at SNAI2 regulatory loci. (A) Androgen-depleted LNCaP cells were stimulated with 1 nM DHT for the indicated time points and relative expression of SNAI2 and KLK3 transcript levels determined. (B) Androgen proficient LNCaP lysates expressing a 3× flag cyclin D1b construct were fractionated into soluble and chromatin-tethered lysates and subjected to immunoprecipitation of AR or Flag. 10% input and IgG served as positive and negative controls, respectively, while GAPDH and histone H4 served as soluble and chromatin-tethered specific controls, respectfully. (C) LNCaP vector and cyclin D1b cells were androgen depleted for 72 hours and then stimulated with either DHT (10 nM) or EtOH (0.1%) for 3 hours. Samples were harvested for ChIP analysis, and percentage (input) occupancy of AR (top panel), cyclin D1b (middle), and acetylated histone H4 (bottom panel) are reported for the SNAI2 and the KLK3 loci (D). Error bars represent mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 chromosome conformation capture (3C) experiments were performed to assess the relative positioning of chromosomal elements required for transcriptional activation. Previous reports demonstrated that upon transcriptional initiation, enhancer elements within the genome mobilize to "promoter-like" regions in close proximity to transcriptional start sites (36) . Such action "bridges" distal chromosomal elements necessary for transcriptional induction, creating a "DNA loop." 3C quantifies the relative distance
Figure 4
Cyclin D1b promotes chromosomal confirmations associated with active transcription in response to androgen. (A) LNCaP cells were starved of hormone for 72 hours and treated with 10 nM DHT for 3 hours. Cells were fixed, digested with the HindIII endonuclease, and ligated; total DNA was purified. Relative distance between the constant region (proximal to AROR1 of the SNAI2 gene) and 4 test regions spanning the SNAI2 gene and downstream sequences was determined using TaqMan qPCR. Top: 100 ng of purified ligated DNA was used to test individual primer sets for each test site to ensure formation of single bands specific to ligation products. Bottom: representative images of PCR products of each ligated site in the presence or absence of DHT. A control region lacking HindIII restriction sites serves as a genomic loading control. (B) LNCaP-Vec and LNCaP-D1b cells were treated as in A, and frequency of ligation is plotted as relative to ligation frequency of parental EtOH controls, after normalizing for total DNA content (control region). (C) ChIP sequencing data of AR occupancy across the cell cycle (C. McNair and K.E. Knudsen, unpublished observations) in LNCaP cells in response to 3 hours of (10 nM) DHT. AR occupancy within the SNAI2 gene is indicated by peaks, and proximal 3C test sites are designated by triangles. Error bars represent mean ± SEM. ***P < 0.001. between 2 DNA elements by restriction digestion of DNA and subsequent ligation of adjacent sequences. DNA regions bridged by a chromosomal loop ligate with higher frequencies than those that are not, and relative distance from an enhancer element can be quantified utilizing the highly sensitive TaqMan quantitative PCR (qPCR system). Thus, this system was used to determine the consequence of cyclin D1b expression on chromosomal architecture associated with active transcription. As such, a control region adjacent to the previously identified "enhancer-like" AROR1 of the SNAI2 locus was chosen as a constant region and 4 distal (test) sites spanning the SNAI2 gene and downstream sequences were tested for frequency of ligation ( Figure 4A ). As shown, there was little evidence of looping in the absence of DHT in control cells (LNCaP), indicative of large distances spanning the region between the constant and test sites ( Figure 4A ). However, after DHT stimulation, there was a large induction in the ligation frequency between the control (constant site) and all test regions (which diminishes as a function of distance), indicating that there is likely a looping event within the SNAI2 locus that occurs in response to DHT ( Figure 4A ). Quantification of this event confirmed a 2-fold increase in ligation frequency at proximal test sites in response to DHT, an effect that was abolished at sites distal to the enhancer element ( Figure 4B ). Importantly, cells expressing cyclin D1b demonstrated a heightened response to DHT at sites within, and distal to, the SNAI2 gene, indicating cyclin D1b promotes bridging of distal enhancer elements, likely required for transcriptional initiation ( Figure 4B ). Of note, recent unpublished AR ChIP-Seq analyses (C. McNair and K. Knudsen, unpublished observations) uncovered a potential third AR-occupied region within the SNAI2 gene itself ( Figure 4C ). As cyclin D1b has been shown to enhance AR occupancy at site-specific loci ( Figure 3C ) and 3C analyses determined that the most common looping event in cyclin D1b cells was seen at a site proximal to this region, cyclin D1b appears to enhance DNA looping from the enhancer region to this distal AR-occupied region through AR interactions. Taking these observations together, cyclin D1b promotes DNA looping at the SNAI2 locus in response to DHT, likely achieved through enhanced interaction with a distal AR-occupied site with the SNAI2 gene, culminating in DNA conformations known to promote transcription. These results confirm cyclin D1b as a potent AR cofactor and provide much needed insight into the mechanisms behind cyclin D1b-mediated transcriptional control.
Slug is necessary and sufficient to induce cyclin D1b-mediated oncogenic and prometastatic phenotypes. Slug has been previously identified as causal for a number of phenotypes associated with aggressive human malignancies (27, 37, 38) . Given the observed association of cyclin D1b expression with prostate tumorigenesis (6) and aggressive tumor cell phenotypes (Figure 1 ), the requirement of Slug for cyclin D1b function was assessed. For these studies, a validated pool of siRNA constructs directed against the SNAI2 transcript was introduced into cells, resulting in a dose-dependent reduction in transcript levels and a greater than 80% reduction in Slug protein (as compared with siRNA control; Figure 5A ). Parallel studies were performed with limiting cotransfection of a plasmid encoding GFP, so as to allow for tracking of cells with siRNA uptake. Notably, SNAI2 knockdown markedly suppressed invasive capacity in control cells (∼70% reduction in invading cells), but this effect was more pronounced in cells with cyclin D1b upregulation (reduction of ∼80%) ( Figure 5B ). Thus, Slug expression is not only required for the limited invasive potential exhibited by parental models, but is also critical for cyclin D1b-induced invasive phenotypes.
To better define the role of Slug in anchorage-independent growth, cells with stable upregulation of Slug alone or Slug together with cyclin D1b were generated ( Figure 5C ) and assessed in soft agar assays. It was observed that Slug alone was sufficient to markedly increase colony formation ( Figure 5C ). Interestingly, coexpression with cyclin D1b enhanced colony formation (∼10%) over that of Slug alone, indicating that while Slug expression is sufficient to drive cyclin D1b-mediated phenotypes, cyclin D1b regulates additional networks that promote anchorage independent growth. Previous studies in other model systems suggested that the ability of Slug to directly suppress CDH1 (encoding E-cadherin) underlies the prometastatic phenotypes associated with Slug expression (39, 40) . Surprisingly, induction of Slug was not sufficient to diminish extracellular levels of E-cadherin in this system ( Figure 5D ). Further investigation of relative CDH1 transcript levels in LN-vector (LN-vec), LN-SLUG polyclonal, and LN-SLUG (clonal) cell lines showed no significant changes in CDH1 expression (Supplemental Figure 4A) , supporting the notion that Slug regulated phenotypes are independent of changes in E-cadherin levels or localization. Similarly, the expression of several other targets of Slug implicated in prometastatic phenotypes (derived from mouse models) (41) (42) (43) demonstrated an insensitivity to Slug expression (Supplemental Figure 4B) . Collectively, these data implicate Slug as an obligate effector of cyclin D1b function and provide evidence of CDH1-independent Slug functions.
Slug expression enhances human tumor xenograft formation and proliferation in vivo.
Given the novel and unexpected effects of the cyclin D1b/Slug axis in vitro, the in vivo impact on tumor development and growth was assessed. Initially, luciferase-expressing isogenic cell models with and without Slug upregulation were injected subcutaneously into the hind limbs of nude mice and monitored for growth. Notably, Slug-expressing tumors developed more quickly than parental controls ( Figure 6A ), consistent with in vitro colony formation assays ( Figure 5C ). Tumor growth measurements revealed that Slug-expressing tumors began to exhibit a significant growth advantage 8 weeks after tumor formation ( Figure  6B ). Prior to sacrifice at 8 weeks (required due to tumor size), mice were injected with BrdU and proliferative indices quantified. Consistent with the observed growth advantage, tumors expressing Slug demonstrated a significantly enhanced proliferative rate as compared with isogenic controls (∼40% vs. ∼20% BrdU positive) ( Figure 6C ). No altered cellular morphology was observed by H&E analyses ( Figure 6D ). Importantly, Slug expression remained elevated in LN-SLUG tumors, whereas expression was variable and only weakly detected in control xenografts ( Figure 6D ). No change in AR levels was observed between the 2 xenografts, as monitored by both IHC and immunoblot ( Figure 6D ), further validating the maintenance of a luminal-like phenotype in tumors with high Slug expression. Similar to in vitro analyses, there was no detectable difference in the relative expression levels of cyclin D1a or E-cadherin in the 2 xenograft lines as determined by immunoblot (Supplemental Figure 5 , A and B) and immunofluorescence (Supplemental Figure 5C) , indicating that the growth advantage observed in LN-SLUG tumors occurs independently of changes in the expression of cyclin D1 or E-cadherin. These data reveal unanticipated functions of Slug in potentiating in vivo tumor development and tumor cell proliferation in AR-positive PCa cells.
Slug enhances prometastatic phenotypes of PCa cells in vivo.
Previously, Slug has been implicated as a regulator of pathways known to be important for metastatic phenotypes, consistent with in vitro observations presented above. Recent findings implicating AR in the regulation of processes associated with metastasis heightened the importance of assessing Slug function in the context of ARpositive tumor cells (26) . It is important to note that while the vast majority of metastatic human PCa retains AR, none of the AR-positive model systems reliably spontaneously metastasize in immunocompromised mice (44, 45) . To test whether Slug expression was sufficient to promote metastatic phenotypes in vivo, cells were implanted in the upper chorioallantoic membrane (CAM) of a fertilized chick embryo and organs harvested and analyzed for the presence of human metastatic cells. Such assays have previously been demonstrated to accurately assess the metastatic potential of PCa cells in vivo (46) . As shown, Slug-expressing cells metastasized to the lung with much higher frequency than control cells and also promoted liver metastasis ( Figure 7A ). Similar prometastatic phenotypes were recapitulated in murine models after tail-vein injection, where Slug enhanced the total number of cells localizing to both the lung and liver ( Figure 7B ), indicating Slug promotes prometastatic phenotypes in multiple models of metastatic progression. Since metastasis in the clinical setting Original magnification, ×40. DAPI serves as a nuclear control. Error bars represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
is linked to the aggressive castration resistant stage (castrationresistant PCa [CRPC]) and is the major cause of patient mortality, the ability of Slug to promote aggressive prometastatic phenotypes in CRPC models was examined in vivo after cardiac injection (47) . As such, fluorescently labeled isogenic CRPC models were generated with and without Slug upregulation (GFP-C4-2-SLUG or RFP-C4-2-vec) ( Figure 7C ), and injected into the left ventricles of 6-week-old male mice. While Slug expression did not affect arrival to the bone, examination of whole liver sections identified the presence of C4-2-SLUG but not C4-2-vec cells scattered throughout the liver ( Figure 7C ). Additionally, while few control cells were detected in the lungs, C4-2-SLUG cells homed to the lung with greater frequency, displaying an approximately 7-fold increase in cell number ( Figure 7C ), indicating that Slug affords CRPC cells an enhanced ability to home to distant tissues, likely attributed to increased adhesion to the endothelium of the capillary beds of soft-tissues (48, 49) . Additional time points were also analyzed (0.5, 1.5, and 2 hours after injection) with comparable androgen signaling and TGF-β in hormone-dependent disease (39, (51) (52) (53) ), yet little is known about its regulation and function in CRPC. Data herein implicate cyclin D1b as a driver of Slug expression and aggressive phenotypes in both hormone-sensitive and CRPC models. As CRPC represents the lethal form of PCa (54), cyclin D1b and Slug expression were assessed in 118 samples of CRPC obtained from transurethral resection (representing 108 patients). Notably, a majority of the samples demonstrated intermediate-to-intense nuclear cyclin D1b staining (∼89%), with only a smaller fraction exhibiting low-to-no cyclin D1b (∼10%; Figure 8A ). Previous studies analyzing cyclin D1b in primary, hormone-dependent disease reported that only approximately one-third of tumors expressed cyclin D1b, indicating that cyclin D1b expression is induced as a function of disease progression. While Slug staining was overall less extensive than that of cyclin D1b, similar trends were observed, whereby nearly 70% of samples demonstrated cell numbers seen at each time point for both cell lines in each organ (data not shown). Such data are of high clinical relevance, as liver metastases have been identified in patients with advanced metastatic PCa, which highly correlates with the extent of lung metastases (50) . Additionally, while these liver tumors respond to chemotherapeutic intervention similarly to other metastatic PCa tumors, the overall survival of patients with liver metastases was significantly shorter than that of patients where such metastases were not apparent, indicating that metastatic liver tumors may represent a particularly aggressive and lethal subset of PCa (50) . Collectively, these data suggest that Slug not only confers a proinvasive phenotype in vitro, but remarkably promotes prometastatic phenotypes in vivo and may represent a novel biomarker of aggressive soft tissue metastatic disease.
The cyclin D1b/Slug network is conserved in advanced cancers. Previous reports have implicated Slug as a downstream target of both
Figure 8
The cyclin D1b-Slug network is conserved in advanced cancers. (A) A panel of 108 CRPC cores were stained for cyclin D1b and Slug, and distribution of cyclin D1b and Slug staining as a function of intensity is plotted as a percentage of all samples (n = 118). Pathological determination of low-tono staining was calculated as harboring an intensity score of 0-40, intermediate staining a score of 41-120, and high staining as greater than 120. (B) Left: representative staining of low (top) and high (bottom) cyclin D1b and Slug from matched samples of CRPC. Original magnification, ×5 (left); ×20 (right). (B) Right: correlation analyses plotted with Slug expression as a function of cyclin D1b intensity score was conducted using a 2-tailed Spearman's correlation, and a line of best fit was generated using linear regression software. (C) Slug intensity scores were divided into the bottom and top 50% and matched Ki67 (percentage positive obtained from University of Tampere) scores are reported. Statistical analysis utilized Students 2-tailed t test to calculate differences between the 2 groups. *P < 0.05.
Identification of Slug as a key effector of cyclin D1b function provides a substantial advance in understanding aggressive cyclin D1b-induced tumor phenotypes and provides strong evidence linking 2 major oncogenic pathways. Slug is postulated to promote invasive phenotypes via transcriptional inhibition of the epithelial marker E-cadherin (CDH1) and indirect induction of mesenchymal markers (i.e., Vimentin and N-cadherin) (38, 39) in vitro. Whereas these previous findings suggest that Slug can promote changes associated with the epithelial-mesenchymal transition (EMT), no such alterations were observed in the context of PCa (in our model systems). Such results are not unexpected, as previous findings in multiple cancer lines suggest that Snail (SNAI1), a family member of Slug, is a much more potent repressor of E-cadherin expression and resultant inducer of EMT (59) . Indeed, reporter assays utilizing tandem E-BOX elements of the E-cadherin promoter found that, while exogenous expression of Slug can repress the activity of isolated promoter elements, expression of the CDH1 gene itself remained unaltered, implicating Slug as a weak inducer of EMT-like signatures (60) . Parallel studies in colon cancer describe weak inhibition of the vitamin D receptor expression by Slug alone, a phenotype that is reversed if Slug is coexpressed with family member Snail (61). Such results suggest that efficient regulation of EMT targets (i.e., E-cadherin) by Slug requires cooperation with other transcriptional repressors, such as Snail. Importantly, while Slug alone was unable to promote EMTlike signatures in these models, Slug expression did correlate with markers of de-differentiation, indicating independent Slug expression likely promotes aggressive cancer phenotypes independently of classic EMT signatures in these models (60) . Similar results were observed with independent Slug induction in PCa models. First, despite marked upregulation of Slug as a consequence of cyclin D1b, unbiased gene expression analyses revealed no concomitant loss of E-cadherin. Similar results were observed when Slug was independently introduced, supporting the notion that Slug does not exert prometastatic phenotypes though a classical EMT process. Further underscoring this conclusion, induction of Slug in cells of prostatic origin showed no change of E-cadherin protein levels or localization ( Figure 5 and Supplemental Figures 4 and 5 ), yet cells expressing Slug maintained an enhanced capacity for growth and organ homing in vivo. It will thus be crucial to identify Slug-regulated transcriptional networks in AR-positive PCa that promote prometastatic phenotypes and define those functions of Slug that are cyclin D1b dependent.
The finding that Slug expression is critical for AR-mediated metastatic phenotypes is of critical importance, as few downstream targets of the AR signaling axis that contribute to metastatic progression have been identified. Interestingly, induction of Slug has been shown to be requisite in multiple model systems of metastatic progression for homing and colonization to distant metastatic sites (40) . Data herein are concordant with such conclusions and validate the role of Slug in the progression to metastatic PCa. However, as the progression to advanced metastatic disease involves many complex biological processes (62) , it is likely that Slug-driven programs cooperate with other oncogenic pathways to promote distal metastatic growth. Indeed, numerous pathways, some independent of AR signaling, that enhance invasion and growth of cancer cells at metastatic sites have been identified. Most recently, ETS-TMPRSS2 fusions have been identified in an overwhelming majority of PCa patients and have been shown to promote metastatic growth in response to androgen (63) . Additionally, in fusion-negaintermediate-to-high nuclear staining with, approximately 30% exhibiting low-to-no staining ( Figure 8A ). Correlation analyses were performed between the 2 matched data sets, which uncovered a strong, positive association between cyclin D1b and Slug expression (Spearman correlation, r = 0.61; P < 0.0001, r 2 = 0.39l Figure  8B ). Interestingly, while cyclin D1b alone was not indicative of Ki67 levels, high Slug levels did predict for heightened Ki67, mimicking the in vivo data presented previously ( Figure 6C ). Taken together, the data indicate that cyclin D1b is enriched in clinical samples of CRPC, whose expression highly correlates with Slug status. Collectively these data identify evidence of the convergence of the cyclin D1b-AR and Slug networks in human disease and implicate aberrant AR transcriptional programs in the progression of lethal tumor phenotypes.
Discussion
The present study demonstrates cooperation between 2 major oncogenic pathways that results in acquisition of aggressive tumor phenotypes. Data shown identify AR-dependent upregulation of Slug as a major downstream consequence of cyclin D1b induction and provide robust evidence that the cyclin D1b/Slug axis confers proinvasive and prometastatic phenotypes in vitro and in vivo. Moreover, analyses of aggressive PCa confirmed the hypothesis that cyclin D1b and Slug expression are tightly linked and concomitantly induced in advanced disease. Together, these data establish a mechanism by which cyclin D1b functions to promote tumor growth and progression and identify the cyclin D1b/Slug axis as a target for development of therapeutic intervention.
The concept that cyclin D1b promotes Slug-dependent tumor phenotypes via AR regulation reveals an unexpected role for cyclin D1b function in hormone-dependent cancers as a context-specific cofactor. Findings herein describe what we believe to be a novel function of cyclin D1b as an AR coregulator, which facilitates increased AR association with the SNAI2 regulatory locus and, consonantly, upregulation of Slug expression. The finding that cyclin D1b exerts oncogenic phenotypes via transcriptional regulatory functions synergizes with recent findings associated with cyclin D1a, wherein unbiased proteomic analyses from several tissue types revealed the majority of the cyclin D1a interactome belongs to transcriptional family regulators (12) ; as such, it is tempting to speculate that cyclin D1b may induce tissue-and tumor-type-specific alterations in transcriptional regulatory programs that facilitate disease development and progression. Indeed, gene expression profiling revealed that cyclin D1b is a major modulator of gene expression and suggests that cyclin D1b likely hijacks the function of multiple transcription factors to promote disease phenotypes in a manner distinct from that of cyclin D1a. Since cyclin D1b also interacts with ERα in luminal breast cancer cells (13, 14) and can promote resistance to ERα-directed therapeutics (20) , ongoing studies are focused on discerning the downstream impact on cellular outcomes and tumor behavior. Moreover, since cyclin D1b also likely interacts with multiple transcription factors relevant to cancer (i.e., STAT3, refs. 55, 56; PPARϒ, ref. 57; and TR, ref. 58) , it is probable that cyclin D1b has an impact on the pathobiology of tumors other than those driven by nuclear receptor action. Combined, these observations are the first, to our knowledge, to establish the transcriptional modulatory functions of cyclin D1b as a major means by which the protein exerts oncogenic potential and highlight the importance of discerning the mechanisms regulating cyclin D1b-mediated transcriptional outcomes in human disease.
of AR (sc-816; Santa Cruz Biotechnology Inc.) or 3× Flag-cyclin D1b (F3165; Sigma-Aldrich) was performed as previously described (19) from soluble and chromatin-tethered fractions using 100 μg of fractionated protein and 3 μg of antibody per IP.
Immunoblotting and immunohistochemistry. A detailed list of all antibodies and conditions used within the manuscript can be found in Supplemental Methods.
Soft agar assay. A total of 10,000 single cells (of indicated cell lines) were resuspended in 0.3% Bacto Agar (214050; BD) in 5% FBS-or charcoal dextran treated-containing (CDT-containing) medium. The cell/agar suspension was plated on top of a basement layer of 0.6% Bacto Agar (in 5% FBSor CDT-containing medium) and allowed to solidify at room temperature. Medium was replaced every 5 days, and individual colonies were allowed to grow for 4 weeks. Plates were then stained with 0.1% crystal violet and colonies greater than 75 μm in diameter were counted.
Matrigel invasion chamber assays. Indicated cell lines were cultured in complete medium for 24 hours after plating. A total of 20,000 cells were plated in the upper chamber of an invasion chamber (354483; BD Biosciences) in serum-free medium. A chemoattractant gradient was established in the lower chamber with 5% FBS-or CDT-containing medium, and cells were allowed to invade through the Matrigel-fibronectin matrix for 24 hours. Individual chambers were then washed 3× with 1× PBS, DAPI stained (Invitrogen D130), and total invading cell number was counted under a fluorescent microscope at ×20 magnification.
3C (chromosome conformation capture). LN-Vec or LN-D1b cells were starved of hormone for 72 hours (5% CDT) and stimulated with 10 nM DHT or EtOH for 3 hours. Cells were fixed, restriction digested using the HindIII enzyme, and processed and analyzed using specific TaqMan primer/ probe conditions, as previously described (36) . All ligated PCR products were run on an agarose gel, and single bands were excised, purified, and sequenced to ensure appropriate product generation.
ChIP. ChIP analyses for AR, Flag (F3165; Sigma-Aldrich), RNA polymerase II (AC-005-100; Diagenode), and acetylated histone H4 (06-866; Millipore) were preformed as previously described (32) . Cells were treated as above except cells were supplemented with 10 nM DHT for 3 hours where indicated. Genomic DNA was purified and quantitative PCR performed for the indicated loci as previously described (68) . Data were analyzed as a percentage of input of total samples calculated as previously described (69) .
Xenografts. Three million cells were injected subcutaneously in 6-to 8-week-old athymic nude male mice (01B70; NCI Frederick) as previously described (69) . After injection, tumor volume was measured twice weekly using luminescence (100 mg/kg luciferin IP injected, visualized using an IVIS In Vivo imaging system) and electronic calipers. Where indicated, week 1 refers to a luminescence signal above background. All mice were sacrificed 8 weeks after tumor formation due to ethical concerns related to tumor volume.
CAM assay. An in-depth description of the CAM assay is provided in Supplemental Methods.
Cardiac and tail-vein injections. Cardiac injections of indicated cell lines were performed as previously described (47) with the following exceptions: AR-positive PCa cell lines were injected at a concentration of 2 × 10 5 in 100 μl of sterile 1× PBS along with fluorescent tracking beads (F8824; Invitrogen) diluted 1:100 (49) . After injection, animals were sacrificed and whole tissues harvested. Tissues were processed and cryofrozen as described (47) , and total GFP/RFP-positive cells were counted for each tissue type (n = at least 3 for each cell type and organ). Cell counts for each organ began approximately 320 μm into each tissue and ended approximately 240 μm before the end of the tissue (to account for positioning and sectioning bias). Total sections counted were similar between all groups and organs (lung, P = 0.354; liver, P = 0.411). GFP-labeled tive patients, SPINK1 has been identified as a marker of aggressive disease and is associated with enhanced invasive potential of cancer cells (64) . Thus, it is postulated that Slug-driven networks work in concert with such pathways to promote both homing and growth at distal metastatic sites, and future efforts will focus on identifying these collaborative networks.
Finally, the findings herein provide needed insight into the mechanisms by which nuclear receptors facilitate acquisition of prometastatic phenotypes in hormone-dependent cancers. In PCa, progression to the lethal phase of disease (metastatic, CRPC) is known to be reliant on AR signaling (54, 65) , and identification of AR as a key mediator of the cyclin D1b/Slug axis is likely of high translational and disease relevance. Consistent with this concept, the present study demonstrates a strong link between cyclin D1b and Slug in AR-positive, castration-resistant cancers. Additionally, genome-wide analyses of AR occupancy in multiple cancer models driven by AR suggest that AR occupancy at SNAI2 regulatory loci is preserved (Supplemental Figure 3C) , indicating the link between cyclin D1b and Slug is likely present across multiple cancer types. Thus, while the current studies highlight AR function as a key mediator of cyclin D1b/Slug cooperation, it will be important to ascertain the tissue specificity of this process and to determine what oncogenic signals and pathways might regulate this functional interaction.
In summary, the present study identifies Slug as a critical mediator and effector of cyclin D1b-induced oncogenic activity and demonstrates that cyclin D1b elicits protumorigenic functions associated with lethal disease via transcriptional modulatory functions. These data highlight the convergence of the oncogenic cyclin D1b/Slug and AR networks to promote phenotypes implicated in metastatic progression, providing insight into the mechanisms of aberrant AR signaling pathways in CRPC. This unexpected pathway provides the basis for development of novel nodes of therapeutic intervention, so as to oppose development of metastatic disease.
Methods
Cell culture and treatment. See Supplemental Methods.
Microarray data analysis. Gene set enrichment analysis (GSEA) (66) was performed on ranked gene lists, ordered by their SAM standardized distance metric, to identify significant enrichment among Gene Ontology Biological Process terms. When ranking genes represented on the HG-U133 plus 2 microarray with multiple probe sets, only the probe set with the maximum absolute standardized distance metric was used. All data have been uploaded to the GEO database (GSE40794). Additional information regarding microarray processing, normalization, and analysis can be found in the supplemental material.
Generation of constructs. See supplemental materials. Gene expression, RNA interference, and morpholinos. A complete list of primer sequences utilized in this study can be found in Supplemental Table 1 . See also Supplemental Methods.
Chromatin tethering and immunoprecipitation. Indicated cell lines were plated at a density of 1.4 × 10 6 cells in 10 cm poly-l-lysine-coated dishes in complete medium for 24 hours. Chromatin tethering was then performed as previously described (31, 67) . Briefly, cells were washed in buffer A (150 mM NaCl, 20 mM HEPES [pH 7.8], and 10% glycerol in water) and then lysed in 200 μl buffer B (150 mM NaCl, 0.5 mM MgCl2, 20 mM HEPES [pH 7.8], 10% glycerol, 0.5% Triton-X 100, and 1 mM DTT in water). Lysates were centrifuged at 16,300 g for 20 minutes at 4°C to separate chromatin bound versus soluble complexes. Where indicated, immunoprecipitation LN-vec or LN-SLUG cells were injected via the tail vein (150,000/mouse) and allowed to circulate for 1 hour. Organs were then harvested and cells counted as above.
Clinical samples and analysis. CRPC TMAs were obtained from Tampere University Hospital from transurethral resection and contained 118 samples of CRPC as described (52) . Individual TMAs were scanned using the Aperio scope AT system, and scoring was conducted using spectrum software and validated by a clinical pathologist. Staining intensity ranged from a score of 3 (highest intensity) to 0 (no staining), and intensity scores for each core were calculated using the following formula: Σ(staining intensity × nuclear percentage). Intensity scores were then plotted as a function of cyclin D1b staining vs. Slug staining, and Spearman's correlation and linear regression analyses performed using Graph Pad Prism 4 software.
Statistics. All results were analyzed using the 2-tailed Student's t test (adjusted for variance) or Mann-Whitney test. For all analyses, P < 0.05 was deemed significant.
Study approval. The use of clinical material was approved by the ethical committee of Tampere University Hospital and the National Authority for Medicolegal Affairs (Helsinki, Finland). Written informed consent was not obtained, as according to Finnish law, in cases in which informed consent cannot be obtained (e.g., large retrospective materials or patients who had died prior to the study), permission to use samples can be given by the
